In this paper, we demonstrate the connection between intracellular iron storage and oxidative stress response in cyanobacteria. Iron is essential for the survival of all organisms. However, the redox properties that makes iron a valuable cofactor also lead to oxidative interactions, resulting in the formation of harmful radicals. Therefore, iron accumulation in cells should be tightly regulated, a process in which Ferritin family proteins play an important role. Synechocystis sp.
Introduction
In the oxidative environment of Earth, organisms must contend with the problem of transporting, storing and assembling iron into active cofactors and, at the same time, protect themselves against oxidative damage due to the interactions of iron with di-oxygen and reactive oxygen species. The problem of balancing iron homeostasis and oxidative stress is most acute in photosynthetic organisms (Shcolnick and Keren, 2006) . On the one hand, the photosynthetic electron transfer chain utilizes radicals and reduced metal species as part of its normal catalysis, all prone to cause oxidative damage if not handled properly. On the other hand, the photosynthetic apparatus imposes an iron requirement that far exceeds that of non-photosynthetic organisms. The iron quota of the cyanobacterium Synechocystis sp. PCC 6803 (Synechocystis 6803, hereafter) is in the 10 6 atoms/cell range (Keren et al., 2004) , one order of magnitude higher than that of the similarly sized non-photosynthetic Escherichia coli (Finney and O'Halloran, 2003) . Iron bioavailability in water bodies is limited by the tendency of Fe 3+ to form insoluble ferric oxide crystals. Fe 2+ is soluble and easy to transport and utilize for the construction of enzymatic cofactors but prone to interactions with reactive oxygen species and rapidly oxidized.
The large demand for iron in photosynthetic organisms and its low bioavailability result in a severe limitation of primary productivity in many large water bodies (Morel and Price, 2003) .
Furthermore, iron supply is often intermittent being high for short periods following aeolian dust deposition events (Morel and Price, 2003) . Under these conditions iron should be transported and stored as rapidly as possible, in preparation for long periods of iron scarcity.
A number of response mechanisms are induced upon the onset of iron limitation in different cyanobacterial species. Examples include the isiAB operon, coding for the CP43′ antennae protein and for a flavodoxin (Laudenbach et al., 1988; Burnap et al., 1993) , the IdiA, IdiB and pathway, not affecting the extent of storage, but limiting iron mobilization from BFRs under limiting conditions.
In this study, we examined the dual role of the ferritin family proteins using physiological and transcriptomic approaches. Our results uncovered an interrelation between iron homeostasis and oxidative stress response in which ferritin complexes and the oxidative stress response regulator
PerR play an important role.
Results

The response of wild type and ΔmrgA cells to iron limitation induced by chelator treatment
In preparation for a transcriptomic analysis of the effect of MrgA on iron mobilization, we finetuned our method for limiting iron bioavailability. Traditionally, iron limitation of cyanobacterial cultures was achieved by repeated washing in iron free media (Riethman and Sherman, 1988; Singh et al., 2003) . This method suffers from the tendency of Fe 3+ to form insoluble iron-oxide crystals that adhere to the solid surfaces of glassware and cell walls. This renders the wash protocol only partially effective and requires extensive washing of glassware. As a result, the transition of cyanobacterial cultures into an iron-limited state is slow. An alternative to the wash procedure is the use of iron chelators (Castruita et al., 2007; Shcolnick et al., 2007) . The effect of metal chelators is two-fold; they prevent the formation of insoluble iron-oxide crystals and compete with the cyanobacterial cells for iron binding. For example, Ethylenediaminetetraacetic acid (EDTA, binding constant 10
24
) successfully inhibits iron acquisition by eukaryotic phytoplankton causing a reduction in growth rates (Morel et al., 2008) . However, in
Synechocystis 6803 cultures grown in BG11 media, EDTA enhanced rather than inhibited growth (Shcolnick et al., 2007) . In this study, we examined the effect of two additional chelators, diethylenetriaminopentaacetic acid (DPTA, binding constant 10 26 ) and Deferoxamine B (DFB, binding constant 10
30
). Cells grown on iron limited EDTA-amended BG11 media (YBG11 containing 0.3 μM Fe, Shcolnick et al., 2007) were exposed to the chelators in limiting or in sufficient media (0.3 μM or 10 μM Fe, Figure 1A and B, respectively). Biomass accumulation was not affected by EDTA or DPTA in either of the growth conditions. DFB restricted the growth of iron-limited cultures at DFB/Fe ratios higher than four ( Figure 1A ) and in iron sufficient conditions at ratios higher than one ( Figure 1B ). The stronger effect observed in the sufficient culture, as compared with the limited culture, is a result of the higher free DFB concentrations with which cells needed to compete in order to acquire iron.
Using both EDTA and DFB, we designed a method for inducing iron limitation. Cultures were grown in an iron sufficient YBG11 media allowing for the buildup of intracellular iron storage.
Iron limitation was achieved by addition of DFB, forcing the cells to utilize stored iron instead of acquiring it from the media. The results of such an experiment are presented in Figure 2 .
Cultures were grown in shaking flasks, conditions that are easily reproduced and allow for the generation of the large biomass required for the extraction of mRNA for the transcriptomic analysis. The addition of DFB at T=0 had little effect on the growth rate of the culture ( Figure   2A ). Although growth rates were not affected, the physiological state of DFB treated cells, as detected by 77K chlorophyll fluorescence spectroscopy, changed markedly ( Figure 2B ). The increase observed in the 682 nm fluorescence band on day 3 is indicative of the accumulation of the iron stress response CP43′ chlorophyll binding protein (Burnap et al., 1993) . The effect of DFB on the chlorophyll fluorescence spectra was quantified as the ratio of the fluorescence emission intensity at 682 nm/692 nm ( Figure 2A ). According to this parameter, the transition into iron limitation started ~48 h after the addition of DFB. As a test for the robustness of this experimental procedure, we evaluated the reproducibility of the physiological response of wild type and ΔmrgA cells to the DFB treatment ( Figure 3 ). Two separate experiments (with 3 repeats each) yielded very reproducible results in terms of fluorescence peak ratios. Interestingly, the relative fluorescence intensity of ΔmrgA cells at 682 nm, grown on sufficient iron, was higher than that observed in wild type cells.
In addition to fluorescence spectroscopy, we measured the cellular quota of a number of biologically relevant transition metals ( Figure 4 ). As expected, the iron quota of DFB treated Synechocystis 6803 cells dropped to ~26% of the untreated cells value. The iron quota of untreated ΔmrgA was similar to that of untreated wild type cells, as reported (Shcolnick et al., 2007) . In the DFB treated ΔmrgA culture, the cellular quota dropped to ~ 34%, a statisticallysignificant difference compared to wild type cells. This result is in agreement with the proposed role of MrgA in mobilizing iron from intracellular storage (Shcolnick et al., 2007 Table I for each of the comparisons that were made from the loop design as depicted in Supplemental file 1.
It was interesting to compare the results obtained for the DFB treatment of wild cells with those previously obtained for iron depletion in the same organism (Singh et al., 2003) . Overall, the change in transcript levels observed in this study was considerably smaller than that previously observed (312 differently expressed genes as compared to 866, using a 1.25 fold difference selection criteria as in Singh et al. (2003) . The important differences between the treatments used in the two experiments were responsible for these results. In the previous experiment, cells were grown in iron depleted media until a strong iron depleted phenotype was observed. Then, iron was added and the time course of release from iron limitation was studied. In the present experiment, we examined the transition into iron limitation rather than from Fe limitation. In addition, the DFB treatment lowered iron bioavailability considerably, but not completely, and did not affect the growth rate ( Figure 2 ). This treatment reduced the general stress response of the cells. For example, in wild type cells, 3 chaperone transcripts were slightly down-regulated (sll1514, sll0416, sll0430) as a result of the DFB treatment (Table II) . Severe iron deficiency, on the other hand, resulted in the up-regulation of 6 chaperone genes (Singh et al., 2003 metabolism genes (pfkA, pgi and fda), whose transcripts were strongly down-regulated in the iron starvation experiment (Singh et al., 2003) were not affected by the DFB treatment. The effect on photosynthesis and respiration was also much smaller, with a total of 25 differentially expressed genes (Table I ) as compared to 70 under iron starvation. At the same time, specific iron response transcripts, like the hallmark iron stress response operon isiAB, were strongly upregulated by the DFB treatment (sll0247-8 Table II) . Apart from isiAB, we observed an increase in the transcript levels of a number of iron transport system components. These include the futC and feoB genes, for which experimental data showing involvement in iron transport exist (Katoh et al., 2001) ; the putative outer membrane transporter slr1406; and the entire slr1316 -slr1319 region, exhibiting similarity to an ABC type iron transport system from of E. coli (Katoh et al., 2001) . A complete list of the response of all putative iron transporters is provided in Supplemental file 1 under the iron transport tab.
The inactivation of the mrgA gene resulted in significant changes in the expression pattern of 255 genes, about half of which were up-regulated and half down-regulated (Table I) . When examining the differential regulation of these genes, a strong positive effect on cell envelope related genes could be observed (Table I ). The largest differences were found for genes involved in polysaccharide metabolism such as CDP-glucose 4,6-dehydratase (slr0984) and GDP-Dmannose dehydratase (slr1072) ( Table II) . The top 3 up-regulated genes, as a result of the mrgA inactivation, were all hypothetical (Table II) . One of the most down-regulated genes was HliA (ssl2542), with HliB (ssr2595) exhibiting a similar response, albeit to a smaller extent (Table II) .
These genes code for proteins from the HLIP CAB-like family, involved in the stabilization of photosystem I under high light intensities (Wang et al., 2008) . The isiA transcript exhibited a small increase that correlated well with the small increase in 682 nm chlorophyll fluorescence observed in Figure 3 .
The DFB induced transcriptional perturbation in ΔmrgA cells was much stronger than in wild type cells. The difference was greater than we would have predicted from analyzing the relationship of the WT to ΔmrgA under Fe-sufficient conditions. Overall, the transcript of 914 genes was differentially affected by the treatment, 4.8 times higher than in the wild type (Table   I ). Direct comparison of DFB treated wild type and ΔmrgA cells yielded 779 differentially regulated genes.
One important category in the comparison of the effect of DFB on ΔmrgA versus WT included the photosynthesis and respiration genes, with about ten times more genes being up-regulated than down-regulated. The changes were not random, but affected genes for specific functions.
The addition of DFB to the medium led to a decrease in all of the genes encoding the ATP synthase and the cytochrome oxidase, NADH dehydrogenase genes associated with both lowaffinity and high-affinity CO 2 uptake mechanisms (18 out of 20 genes), the flavoproteins sll0217 and sll0219, and many important phycobiliproteins. A decline in phycobilisomes is typical of iron deficiency, but the decrease in transcript level in the ΔmrgA strain is greater than that seen in the wild type (Supplemental file 1, phycobiliproteins tab). Iron sufficient ΔmrgA cultures often appear more blue in color and our results indicated higher transcript levels of phycobilisome genes under these conditions. However, the decline in ΔmrgA under iron deficiency is more precipitous and the overall decrease is more than 2-fold greater than in the wild type. The transcript level of sll0247 (isiA) was up-regulated some 8-fold and all of the genes in this operon were similarly up-regulated ( Figure 5A ). Once again, our results demonstrated that there was more IsiA transcript under iron sufficient conditions in ΔmrgA than in wild type and that the enhancement was not as great in ΔmrgA (8-fold) relative to the wild type (11.4-fold). Therefore, the transcription results are consistent with those observed in the 77K chlorophyll fluorescence ( Figure 3 ).
An additional category that exhibited substantial up-regulation in DFB treated ΔmrgA cultures are the detoxification related genes. Transcript levels of all 5 genes in the category, including catalase (sll1987) and superoxide dismutase (slr1516), were increased by an average of 2-fold. In DFB treated wild-type cultures, the transcript of genes in this category was hardly affected (Table II) .
The largest differential down-regulation in the ΔmrgA strain compared to the wild-type in the presence of DFB, was recorded for the transcript of a ferredoxin-nitrite reductase (nir, slr0898), followed by a nitrate/nitrite transporter subunit (nrtD, sll1453). Other members of the nitrogen assimilation pathway such as glutamine synthase (glnA, slr1756), the glutamate synthase large subunit (gltB, sll1502), and the entire nrt nitrate/nitrite transporter system (sll1450-sll1453), were all significantly down-regulated (Table II) . In addition, there were significant transcriptional alterations in regulatory genes. In most cases, changes in the wild type were minor; again indicating the need for ΔmrgA to establish a different homeostasis. Two sigma factors were up-regulated in ΔmrgA (+DFB). The gene encoding the group 2 sigma factor sigC was enhanced some three-fold in ΔmrgA, whereas the sigH gene was strongly up-regulated (sll0856, 8.4-fold) in ΔmrgA (but only 1.7-fold in the wild type). All of the genes in the sigH region, including phrA (slr0854), that encodes a DNA photolyase (Ng and Pakrasi, 2001) , were also induced from 2-to 6-fold. The results suggest that sigH may be an important transcriptional factor under iron deficiency (as suggested by Foster et al., 2007) , but especially in the ΔmrgA mutant. It is also possible that the increase in the DNA photolyase transcript level is of physiological significance. DPS proteins were originally identified as DNA binding proteins in starved Escherichia coli cells (Almiron et al., 1992) . Additional differences between wild type and ΔmrgA upon the addition of DFB were observed for slr1667 and slr1668 which were strongly up-regulated in ΔmrgA (8-13-fold) versus no change in the wild type.
These genes are known to be the targets of adenylyl cyclase (encoded by the cya gene) that produces cAMP (Katayama et al., 1995) . The cya gene itself (slr1991) is up regulated in both wild type and ΔmrgA under iron-deficient conditions to a similar extent, but its slr1667/68 targets are highly up-regulated only in the mutant. Both proteins appear to have one transmembrane helix with most of the protein mass in the periplasm.
In Synechocystis 6803, three proteins are annotated as Fur-like proteins (sll0517, sll1937 and slr1738). Only slr1738, encoding the perR gene, was up-regulated in ΔmrgA upon the addition of DFB, whereas transcript levels of genes for the other two proteins were either unchanged or slightly decreased upon DFB addition. The perR gene showed a significant increase (13.3-fold,
Figure 5B) in ΔmrgA compared to virtually no change in the wild type, a result that highlights an important difference in ΔmrgA under iron deficiency relative to the wild type. The perR gene and protein have been studied by a number of groups and have been shown by Li et al. (2004) to control a small regulon. The increased transcription of perR in ΔmrgA in the presence of DFB led to an induction of virtually all of the genes in the PerR regulon (Supplemental file 1 under the PerR regulon tab). Of course, this includes IsiA, but also FutA2 (slr0513). These results strongly demonstrated a relationship between iron deficiency and oxidative stress.
Comparison of transcript levels in the ΔmrgA strain (+DFB) to wild-type (+DFB) revealed the gene with the highest differential up-regulation encodes for a putative ABC transporter solute binding protein (slr1740 ; Table II ). This protein exhibits considerable similarity to the Bacillus subtilis AppA protein involved in peptide transport. The APP transporter is part of a system controlling sporulation in this organism (Levdikov et al., 2005) . The transcript levels of other putative subunits of the same transporter (appB sll0312, appC sll0833, appD/F sll1927) were not affected. The PhrA peptide, which is the substrate of the APP transporter, and the RapA phosphatase which it inhibits, have no orthologs in the Synechocystis 6803 genome.
The transcript levels of four additional genes in this region ( Figure 5B ) also were strongly upregulated in DFB treated ΔmrgA cells (slr1739, slr1738, sll1620 and sll1621). The slr1739 transcript codes for the protein formerly known as PsbW. Currently this protein is annotated as psb28-2, not to be confused with psb28 which is coded by sll1398 (Kashino et al., 2002) . In cyanobacteria, the function of this protein is still unknown. slr1738 codes for PerR, which is discussed above. The co-regulated genes on the complementary strand of this region code for a hypothetical protein (sll1620) and a peroxiredoxin (ahpC, sll1621). ahpC shares a divergent promoter with perR (Li et al., 2004) . Disruption of this gene reduced the ability to grow under low light intensities (Hosoya-Matsuda et al., 2005) .
The effect of iron homeostasis on oxidative stress response and vice versa
The transcriptomic data pointed to an interrelationship between iron homeostasis and the oxidative stress response. To probe these interactions we tested the susceptibility of cells containing different iron quotas ( Figure 6A ) to the oxidative stress imposed by exposure to hydrogen peroxide. We used wild type and three disruption strains, including ΔmrgA, the bacterioferritin mutant ΔbfrAΔbfrB and ΔbfrAΔbfrBΔmrgA. The triple mutant exhibited a reduction in the iron quota similar to that observed in the bacterioferritin mutant ( Figure 6A ).
The four strains were grown on two different iron concentrations; 10 μM which, in an EDTA amended growth media, is more than sufficient and 0.3 μM which is limiting (Shcolnick et al., 2007) . Cells were washed free of external iron and resuspended in an iron-free YBG11 media to avoid the effect of extracellular Fenton reactions and to force the cells to utilize stored iron. treatment, samples from each culture were spotted on solid media to determine viability ( Figure   6B ).
Iron deficient wild-type cells could withstand exposure of up to 8 mM H 2 O 2 , two-fold higher than iron sufficient cells ( Figure 6C ). ΔmrgA cells were much more sensitive, as observed before (Li et al., 2004) . Nevertheless, the two-fold improvement in survival of iron limited cells was conserved ( Figure 6D ). ΔbfrAΔbfrB cells withstood exposure of up to 4 mM H 2 O 2 and were not affected by iron availability ( Figure 6E ). ΔbfrAΔbfrBΔmrgA cells were clearly more sensitive than either ΔbfrAΔbfrB or wild type cells ( Figure 6F ). The differential effect imposed by iron bioavailability, observed in wild type and ΔmrgA cultures, was not observed in the triple mutant cultures ( Figure 6F ).
An additional aspect of the connection between iron homeostasis and oxidative stress response exposed in the microarray analysis was the strong induction of the perR transcription in response to iron limitation of ΔmrgA cells. To examine the role of perR under iron limitation, we tested the effect of DFB on the growth of ΔperR as compared to wild type cells (Figure 7) . In order to enhance the effect of DFB on the growth rate, we periodically diluted the cultures 5-fold. The dilutions kept the cultures in a logarithmic stage, replenished the media and reduced the effects of self-shading (Takahashi et al., 2008) , resulting in a faster growth rate than that observed in Figure 2 . In the absence of DFB, the growth rates of wild type and ΔperR cultures were comparable. In the presence of DFB, ΔperR cultures grew considerably slower than wild type cells.
Discussion
The data presented here indicates a connection between oxidative stress response and iron homeostasis in the cyanobacterium Synechocystis 6803. Furthermore, our results suggest a role for ferritin type proteins in both processes. In the following section, we will attempt to present a model for the nature of these connections, based on the data presented here.
Bioavailable iron, in oxygenated aqueous solutions, exists mainly in the form of Fe 3+ . A significant proportion of the bioavailable iron is chelated by organic acids (Morel et al., 2008) .
Our data demonstrates a remarkable ability of Synechocystis 6803 to utilize this iron source (Figure 1 ). For comparison, growth of eukaryotic phytoplankton can be inhibited by EDTA (Hudson and Morel, 1990) , while the growth of Synechocystis 6803 is affected only by DFB, a chelator 10 6 times more efficient. This higher uptake efficiency observed in cyanobacteria is a significant advantage in an iron-limited environment.
The FutABC transporter appears to be a major uptake route into the Synechocystis 6803.
However, as FutABC disruption mutants are viable (Katoh et al., 2001 ) it is clear that additional transporters exist. Based on our transcriptomic data, we can suggest the slr1316 -slr1319
proteins and the putative outer membrane slr1406 protein as likely candidates (Table II) . It is important to note that disruption mutants in the genes coding for these proteins failed to display a significant phenotype (Katoh et al., 2001 ). However, it is possible that these transporters function under iron limitation and therefore their effect was not exposed under iron starvation conditions. treated ΔmrgA cultures. Diverting energetic resources to detoxification can also explain the depression in the transcription of genes involved in energy consuming reactions such as nitrogen assimilation. According to our scheme, while the lack of MrgA determined the overall sensitivity to Fe 2+ enhanced oxidative stress, the concentration of released Fe 2+ was still modulated by storage in BFR complexes, being lower in iron-limited cells (Figures 4 and 6 ).
Additional support for this theory can be gained from the response of ΔbfrAΔbfrB and
ΔbfrAΔbfrBΔmrgA cultures to oxidative stress. The internal iron quota of both mutants is considerably smaller than that of either wild-type or ΔmrgA cells ( Figure 6A ) and the differential effect of growth on sufficient or in limiting iron is lost in both ( Figure 6E,F) It is important to note that the connection between oxidative stress and iron homeostasis is conditions (Long et al., 2008) . It was proposed that one plays a role in iron storage while the other plays a role in iron re-allocating under limiting conditions. In Arabidopsis thaliana, iron storage in a triple ferritin disruption strain was not affected, thus indicating the existence of additional storage compartments. Nevertheless, the triple disruption did result in an enhanced oxidative stress in vegetative tissues (Ravet et al., 2009 ).
In conclusion, the data presented here suggests a pivotal role for the two ferritin type proteincomplexes of Synechocystis 6803 cells in coordinating iron homeostasis and the oxidative stress response. The combined action of the two complexes allows for the safe accumulation and release of iron from storage by minimizing damage caused by the interaction of reduced iron and oxygen radicals which are abundant in cyanobacterial cells due to the function of the photosynthetic apparatus.
Methods
Spectroscopy
Cultures were prepared for metal ion quota analysis as described in Scholnick and coworkers (2007) . Metal ion concentrations were determined using an Inductively Coupled Plasma Mass Spectrometer (ICP-MS; Agilent 7500, Santa Clara, CA). Chlorophyll fluorescence spectroscopy at 77K was measured as described in Scholnick and coworkers (2007) using a Fluoromax-3 spectrofluorometer (Jobin Ivon, Longjumaeu, France). The excitation wavelength was set at 420 nm ± 5 nm and the emission window was 5 nm. Each spectrum was internally normalized to its minimum and maximum values, as shown in Figure 2B .
Strains and growth conditions
Cells were grown in YBG11 medium (Shcolnick et al., 2007) , at 30°C with constant shaking. 
RNA Isolation and microarray analysis
Culture used for microarray analysis was centrifuged at 4°C, 7000 RPM and flash frozen in liquid N 2 for later use. RNA was extracted and purified by using a phenol -chloroform extraction and CsCl 2 gradient purification as previously described (Reddy et al., 1990) and (Sen et al., 2000) . A complete description of array construction has been provided previously by
Postier and coworkers (Postier et al., 2003) . cDNA labeling, glass treatment, prehybridization, and hybridization protocols have been described in detail by Singh and coworkers (Singh et al., 2003) . The experimental loop design used for probing the microarray in this experiment is presented in Supplemental file 1. Biological variation was sampled by extracting RNA from three biological repeats and pooling the RNA prior to hybridization. Data acquisition and statistical analysis was carried out as previously described in Li et al., 2004 (Li et al., 2004 . The ~1800 genes represented in Supplemental file 1 each have a p-treatment of <0.01 (p-treatment is the p-value from the ANOVA model that is most representative of the complete loop design) and this should be a highly reliable dataset. This microarray platform has been used for many experiments and validation using RT-PCR and Northern blots have resulted in only one gene out of over 100 tested that did not show qualitative agreement with the microarray results (Singh et al., 2003; Li et al., 2004; Summerfield and Sherman, 2008) .
Supplemental Material
The Supplemental file details the differential transcript abundance measured in the microarray analysis, in units of fold change. The file includes data on 1803 genes that passed a 1.5 fold change threshold. In addition, the file includes subsets of genes of interest in separate tabs. The data is presented in Microsoft Excel (File 1) and Adobe Acrobat (File 2) formats. A complete listing of the results for these ORF's can be found in Table II or in Supplemental file 1. The color scale represents fold change in transcript levels between ΔmrgA+DFB and WT+DFB.
A complete listing of the results for these ORF's can be found in 
